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Strong Velocity Effects in Collisions ofHe1 with Fullerenes
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We have studied fragmentation and ionization of C60 by He1 impact over a velocity range from
0.1 to 1 a.u. where a transition from vibrational to electronic excitation is predicted. With increas
velocity we observe a strong decrease of evaporative processes (Cr1

6022m peaks) and a linearly increasing
yield of small fragmentssC1

n , n , 15d. Apparently direct vibrational excitation leads preferentially to
evaporation, whereas electronic excitation is responsible for multifragmentation. In the interme
range we find indications for a “transparency window” similar to that predicted recently in simulati
of Na1

9 -He collisions. [S0031-9007(98)08105-8]

PACS numbers: 36.40.Qv, 34.50.Bw, 36.40.Wa, 61.48.+c
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The interaction of fullerenes with particles such as ph
tons [1], electrons [2], and ions [3] leads to fragmentatio
patterns which can serve as a fingerprint of the intera
tion process. Ion-fullerene (and fullerene-ion-atom) co
lisions have been studied for different collision system
at a variety of collision velocities and projectile charg
states recently. In theEc.m. , 250 eV range (correspond-
ing to a projectile velocity ofø0.05 a.u.; in the fol-
lowing, we will always use the projectile velocity to
characterize the collision), collisional fragmentation i
mainly due to direct vibrational excitation of the tar
get clusters [4]; the bimodal fragment distributions sho
close similarities to, e.g., photofragmentation results [1
indicating an independence of the fragmentation proce
on the exact nature of the excitation mechanism [5]. Litt
is known about the excitation mechanisms in the ke
range sy ø 0.1 1 a.u.d, where the interaction times are
much shorter. In this range, collisions of multiply charge
ions with fullerenes have been studied with great intere
[6–9]. These collisions lead to remarkable mass dist
butions of the collision products. On the one hand, Cr1

60
clusters are formed in a gentle way [10,11], for highl
charged projectiles up tor  9 [12]. On the other hand,
the fragment distributionsC1

n d peaks atn  1, i.e., very
small fragments are formed in such collisions. Simila
results are observed for MeV collisionssy . 1 a.u.d of
multiply charged ions with fullerenes [13–15]. Wherea
the first finding can be explained by electron capture
large distances, without kinetic energy transfer from th
projectile to the C60, the explanation for the occurrence o
the small fragments is less obvious. Under the assumpt
that these fragments are due to very close collisions, o
can obtain information about the mechanisms by varyin
the collision energy. Furthermore, a singly charged pr
jectile is favorable for such a study to avoid potential en
ergy effects.

We investigate the transition from vibrational to elec
tronic excitation in such close collisions experimentall
for the system He1-C60 in the velocity range between 0.1
and 1 a.u.
0031-9007y99y82(1)y73(4)$15.00
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For the present experiment He1 ions are extracted
from an electron cyclotron resonance source, floated
a potential between 1 and 28 kV. A double gap linea
accelerator operated at 13.56 MHz is used to increase
projectile energy up to 105 keV. In the collision chambe
a fullerene oven is operating at about 700 K. The C60
vapor effuses through a nozzle into the collision regio
where it is crossed by the projectile ion beam.

Because of a static electric field (250 Vycm) all
charged collision products are extracted from this regio
A reflection-type time-of-flight (TOF) mass spectrom-
eter [16] (resolutionø430) is used to determine the
charge-to-mass ratio of the fragment ions. The fragmen
can be detected in coincidence either with an electro
emitted during the collision or with charge state resolve
projectiles, which serve as the start signal for the TO
measurement, respectively. Alternatively, the projectil
beam can be chopped, with the chopper pulse being t
start signal. For the present study the latter method
used, in order to collect the collision products indepen
dent of the nature of the collision process. Details of th
experimental setup can be found in [17].

Typical nyr spectra (Fig. 1, withn being the number
of C atoms andr the charge state) for He1 collisions
with C60 show that Cr1

60 is formed up tor  3 and with
a lower extraction voltage even C41

60 can clearly be identi-
fied. Furthermore, the presence of Cr1

6022m peaks indicates
evaporative cooling (e.g., Cr1

60 ! Cr1
58 1 C2, r  1 3)

and superasymmetric fission (e.g., Cr1
60 ! C

sr21d1
58 1 C1

2 ,
r $ 3). The latter is a two-step process consisting o
evaporation followed by electron transfer. Forr # 2
superasymmetric fission is endothermic and therefore u
likely to occur. Also forr  3 evaporation is the domi-
nant process [18]. Small carbon clusterssC1

n d appearing
over a wide mass rangesn ø 1 15d are therefore, in the
first place, due to multifragmentation processes into ring
sn $ 10d and chainssn # 10d.

With increasing projectile velocity, two opposite trends
are observed: (i) the intensity of the multifragmenta
tion peaks increases strongly, the maximum of the
© 1998 The American Physical Society 73
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FIG. 1. Mass spectra of Cr1
60 and fragment ions at different

collision velocitiesy (in a.u.). The C160 yield is normalized to
1 and the ordinate ranges from 0 to 0.2.

distribution shifts to smallern values, and the yield of
C21

60 and C31
60 increases; (ii) the intensity of the Cr1

6022m
sr  1, 2d peaks decreases.

To model the direct vibrational excitation of the C60
due to the He1 impact, we developed a molecula
dynamics (MD) code, based on a realistic three-bo
potential for the fullerene [19] and a screened Coulom
potential for the He-C interaction, the latter with th
screening function of Molière [20] and the screenin
length of Ehlich et al. [21]. This scheme has been
successfully applied to low energy collisions of He wit
fullerenessy # 0.05 a.u.d [22]. The quantity of interest
for our study is the energy transfer from the projectile
the fullerene, to which we refer to as elastic (projectile
energy loss. This quantity is easily accessible fro
a MD simulation, since it can be obtained as soo
as the projectile leaves the interaction region. If th
resulting vibrational excitation of the fullerene exceed
the activation energy of the process C1

60 ! C1
58 1 C2

evaporation occurs (E
exp
act  7.1 eV [23], Etheor

act ø 12 eV
[24]). It is therefore possible to calculate the relativ
evaporation cross section as the ratio of the number
trajectories with above threshold elastic energy loss to t
total number of trajectories.

To this end, He projectiles are launched with a ce
tain velocity y at randomsx, yd coordinates within an
impact radiusR1  11 a.u. This R1 is estimated with
the classical over-barrier model which assumes that a
critical distance the potential barrier between projecti
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and target is lowered below the target ionization poten
tial such that a target electron can move to the projectil
R1  11 a.u. corresponds to an electron capture cross se
tion s  1.06 3 10214 cm2. For each trajectory, a ran-
dom orientation of the fullerene is chosen. The highe
elastic energy losses occur for collisions with the shell o
the targetsb ø 6.5 a.u.d, where the projectile experiences
the highest densityycm2 of C atoms. For smaller values
of b, the average elastic energy loss decreases slow
outside the cage it drops to zero very fast. By far th
most trajectories lead to elastic energy losses of a fe
eV only.

The theoretical results can be compared directly t
our experimental data. From thenyr spectra we can
obtain the peak integrals for the different contributions
The relative cross section for evaporative fragmentation
defined as

se 

P9
m1

R
C1

6022mR
C1

60 1
P9

m1

R
C1

6022m
. (1)

Experimental data as well as MD results for both ac
tivation energies are shown in Fig. 2. Obviously, al
curves have a1yy dependence, i.e., the probability for
evaporation scales linearly with the interaction time o
projectile and fullerene. The MD calculations mimic the
relevant process qualitatively correct, therefore th
C1

6022m can serve as a fingerprint for evaporation induce
by direct vibrational excitation (EVE). (We note that a
1
y dependence is also found for evaporation from C21

60 .
It has to be kept in mind however that these ions ca
be formed only by a direct ionization, i.e., an electron
excitation, leading to an offset on the relative yields
For C21

6022m the elastic part cannot be separated.) Th
quantitative discrepancy between experiment and theo
might be partly due to an overestimation of the electro
capture radius but is mainly due to the fact that th
C1

60 yield in the experiment is reduced by electronically
induced fragmentation and ionization processes. It h
been shown recently that for ion-metal cluster collision
even at lower energies electronic excitations can be
important fragmentation channel [25].
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FIG. 2. Relative cross sections for evaporative fragmentatio
sC1

60 ! C1
6022m 1 C2md; dotted lines:1yy fit; solid line: inter-

action time for collisions withb  0.
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To model electronic excitations we treat the larg
number of valence electrons in the metal-like C60 as
an electron gas. Inelastic energy loss of ions travelin
through an electron gas is due to long range couplin
to electron-hole pairs [26]. In the energy range und
study, it scales linearly with the projectile velocityy and
can thus be described by the stopping powerS 

dE
dR 

gsrsdy [27]. The friction coefficientg depends on the
density parameterrs  s 4

3 pn0d21y3 which is a function
of the valence electron densityn0.

The valence electron density for a fullerene is assum
to be a spherically symmetric jellium shell as calculate
by Puska and Nieminen [28]. WithR being the distance
from the fullerene center in atomic units,n0sRd decays
outside the shell and towards the center in a way that t
main contribution is found for4 , R , 9. The friction
term g for a variety of projectile ions and for different
values forrs can be found in [29]. It can be interpolated
nicely by the exponentialgsrsd  0.755 exps2 rs21.5

0.88 d.
Embedding of the friction into the MD formalism leads

to a scheme to obtain the inelastic energy loss: After ea
MD integration step, the projectile energy is reduced by

DE  gsssrssRddddyDR  gsssrssRddddy2Dt . (2)

The inelastic energy loss exceeds the elastic energy l
by far. A maximum is again found when the projectile
impinges close to the fullerene shell (due to the lon
trajectory part through high density areas of the electro
gas). Inside the shell, significantly less inelastic energ
loss is observed. Outside the shell a fast decrease w
the impact parameter is found. The regimes can ev
be recognized as three distinct peaks in the total ener
loss histogram. The average inelastic energy losssDE ø
5.9yd is close to the value obtained analytically for a H
projectile, passing the fullerene target atb  0 without
deflection,

DE  2
Z `

0
gsssrssRddddyd R ø 8.1y . (3)

This is in good agreement with experimental results fo
the inelastic energy loss of a He ion passing a graph
target of thickness 14 a.u. [30]. A first surprising resu
of the simulation is the fact that over the whole projec
tile velocity range under study a direct collision with the
fullerene cage leads to an inelastic energy loss exce
ing the evaporation threshold. From this one would e
pect the relative cross section for evaporation to increa
with the projectile velocity. Since the opposite is ob
served, we conclude that electronic excitation leads
fundamentally different deexcitation processes, name
multifragmentation. The fact that also the Cr1

60 yields
sr . 1d increase withy (Fig. 1) furthermore indicates an
increasing importance of direct ionization.

This differs from the results of a recent theoretica
study by Campbellet al. [5], where an independence of
the fragmentation process from the excitation mechanis
was found. Their results also predict a phase transiti
e
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from evaporation to multifragmentation for average inter
nal fullerene energies between 80 and 225 eV, and t
calculated fragmentation patterns are in agreement w
experimental results obtained by fullerene-ion-atom co
lisions sy , 0.55 a.u.d and multiphoton ionization. We
observe a coexistence of evaporation and multifragme
tation over the whole excitation energy range under in
vestigation (15–165 eV; see Fig. 3a), i.e., no indicatio
of a phase transition (for projectile velocitiesy below
0.22 a.u., even the maximum loss is below 80 eV).

The activation energies for multifragmentation and
direct ionization are not known, and furthermore th
employed stopping power model does not account for th
statistical nature of the inelastic processes. Therefore w
cannot calculate the relative fragmentation cross sectio
and in the following we will compare the average inelasti
energy loss to the experimental results on adjusted scal

To this end the (experimental) relative cross section
for multifragmentationsf and collisional ionizationsi

are defined

sf 

P14
n1

R
C1

nR
C1

60 1
P14

n1

R
C1

n

, si 

R
Cr1

60R
C1

60 1
R

Cr1
60

,

r  2, 3 . (4)

Results from experiment and simulation are shown i
Figs. 3a and 3b. Apparently, a threshold for multifrag
mentation of C60 by He1 impact exists aty ø 0.1 a.u.
from which it increases linearly up toy ø 0.6 a.u. From
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FIG. 3. Relative experimental cross sections for multifrag
mentation (a) and Cr1

60 formation (b) (closed symbols and left
axis) and calculated inelastic energy loss (open squares, so
line and right axis). The scales have been adjusted to sho
that the experimental data exhibit the same linear dependen
on the collision velocity as the calculated inelastic energy los
The dashed lines in (b) are to guide the eye, their slope follow
the trend of the inelastic energy loss.
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the linearity of experimental and simulative data we con
clude the multifragmentation to be due to inelastic energ
loss processes. In the following, we call this process fra
mentation by electronic excitation (FEE). The direct ion
ization also scales linear as the FEE up toy ø 0.5 a.u.
sr  2d. For r  3 deviations from the linear scale can
be seen, which might be due to the decreased sta
ity of C31

60 compared to the lower charge states. Th
deviation of the FEE related quantities from the linea
scale for velocities larger than 0.5 a.u. can be due to a
ditional mechanisms which become important at high
energies, e.g., plasmon excitation.

In a recent nonadiabatic quantum molecular dynami
study of Na19 -He collisions, Saalmannet al. predicted a
transition from direct kinetic energy transfer in the low
velocity range to electronic excitation for higher velocitie
[31] which even leads to a transparency of the cluster
the transition region, where both contributions are wea
The 1yy dependence of the EVE process and the lineary

dependence of the FEE process lead to a similar behav
indicating the existence of such a transparency windo
for ion-fullerene collisions. It reflects the well-known
velocity dependence of nuclear and electronic compone
of the stopping power [32].

In conclusion, two different processes (FEE and EVE
could be identified as being active in fullerene fragment
tion by ion impact in the velocity range0.1 a.u., y ,

1 a.u. The fragmentation pattern depends strongly
the nature of the excitation, in contrast to findings fo
collisions at lower velocities. Strong indications for th
existence of a “transparency window” in ion fullerene co
lisions could be found.
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